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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h→MV ,
where M denotes a vector meson and V indicates either γ,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.
Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h → γγ,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20− 30% level [3, 4].
Initial evidence in the h → ττ channel also indicates no
deviation from the SM value [5].
In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.
In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h → MV , where M denotes a vector meson
and V denotes either a γ,W or Z. The possibility of using
h → J/ψγ to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h→ φγ
mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h → ργ, ωγ modes probe the Higgs couplings to up and
down quarks, while the h → K∗0γ,D∗0γ,B∗0γ,B∗0s γ
modes probe the off-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-
diative processes, and also comment on h → MW, MZ
decays, e.g. h → B(∗)+W−. Probes of the electroweak
couplings of the Higgs via h → MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-
LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e+e− facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-
straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass mh ' 125.7 GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The effective La-
grangian used in our analysis is
Leff = −
∑
q=u,d,s
κ¯q
mb
v
hq¯LqR −
∑
q 6=q′
κ¯qq′
mb
v
hq¯Lq
′
R + h.c.
+ κZm
2
Z
h
v
ZµZ
µ + 2κWm
2
W
h
v
WµW
µ
+ κγAγ
α
pi
h
v
FµνFµν , (1)
where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies κW = κZ = κV , while
κ¯qq′ = κ¯
∗
q′q and κV,γ,q are real because of the assumed
CP conservation. Note that κ¯q and κ¯qq′ are normalized
to the SM b-quark Yukawa coupling for later convenience.
The κ¯qq′ couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the hγγ coupling is given at one-loop order by Aγ ≈
−0.81 [12]. The SM limit corresponds to κγ = κV = 1,
and κ¯s = ms/mb ' 0.020, κ¯d = md/mb ' 1.0 · 10−3,
κ¯u = mu/mb ' 4.7 · 10−4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the κ¯qq′ vanish in
the SM. Any deviations from these relations would signal
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2the presence of new physics.
Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, κ¯i.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the different measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in αs based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].
We begin with the flavor-conserving couplings. A naive
χ2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds
|κ¯u| < 0.98 , |κ¯d| < 0.93 , |κ¯s| < 0.70 . (2)
If all of the Higgs couplings (including h →
WW,ZZ, γγ, gg, Zγ, bb¯ and τ τ¯) are allowed to vary from
their SM values, we get the weaker 95% CL bounds
|κ¯u| < 1.3 , |κ¯d| < 1.4 , |κ¯s| < 1.4 . (3)
We repeat the analysis for the off-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:
|κ¯qq′ | < 0.6 (1) , (4)
for q, q′ ∈ u, d, s, c, b and q 6= q′. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.
Inclusive Higgs rate measurements cannot distinguish
between the individual κ¯qq′ . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|κ¯bs| < 8·10−2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.
Flavor-conserving photonic decays. We begin
with h → φγ. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the hγγ coupling, followed by the
h
γ
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s¯
h
s
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γ
Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h→ φγ.
fragmentation of γ∗ → φ. The direct amplitude involves
a hard h → ss¯γ vertex, where an intermediate s-quark
line with an off-shellness Q2 ∼ O(m2h) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(κ¯s). Working in the limit of real
κ¯s, the h→ φγ decay amplitude is
Mφss =
Qse
2
φ · γ
(
κ¯s
mb
v
fφ⊥〈1/uu¯〉φ⊥ +
4α
piv
κγAγ
fφm
2
h
mφ
)
,
(5)
where the first and second terms are the direct and in-
direct contributions; fφ⊥ and 〈1/uu¯〉φ⊥ are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Qse = −e/3 is
the strange quark electric charge, and εγ and εφ are the
γ and φ polarization vectors. We have used the defini-
tion 〈φ|JµEM(0)|0〉 = fφmφµφ for the φ decay constant fφ,
where JµEM =
∑
f Qf f¯γ
µf is the electromagnetic current.
Note that for CP violating couplings, Mφss is sensitive to
the phase between Aγ and κ¯γ .
The LCDA convolution integral is
〈1/uu¯〉φ⊥ =
∫ 1
0
du
φφ⊥(u)
u(1− u) . (6)
The leading twist chiral-odd LCDA φ⊥(u) is defined
through the following matrix element of the transversely
polarized φ meson on the light-cone [24, 25]:
〈φ(p,ε⊥)|s¯(x)σµνs(0)|0〉 =
− ifφ⊥
∫ 1
0
dueiup·x(ε⊥µpν − ε⊥νpµ)φφ⊥(u).
(7)
The partial decay width for h→ φγ decay is
Γh→φγ =
1
8pi
1
mh
|Mφss|2, (8)
where we used the fact that |φ⊥ · γ | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
3decay amplitudes are equal in size. The decay widths for
h→ ργ and h→ ωγ are similarly given by
Γh→ργ =
|Mρdd −Mρuu|2
16pimh
, Γh→ωγ =
|Mωdd +Mωuu|2
16pimh
, (9)
where the amplitudes are obtained from Mφss via the re-
placements s → u, d and φ → ρ, ω. For simplicity we
have neglected ω − φ mixing.
In our numerical estimates the Gegenbauer polyno-
mial expansions of the φ⊥ are truncated at second or-
der, yielding 〈1/uu¯〉φ⊥ = 6.84(42), 〈1/uu¯〉ρ⊥ = 6.84(36),
〈1/uu¯〉ω⊥ = 6.84(72), using the inputs from [26] and fixing
µ = 1 GeV. The decay constants are fφ = 0.235(5) GeV,
fρ = 0.216(6) GeV, fω = 0.187(10) GeV [26]. We es-
timate the error on our LO calculation by varying the
renormalization scale for fφ,ρ,ω⊥ in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [26] to obtain fφ⊥ = 0.191(28) GeV, f
ρ
⊥ =
0.160(25) GeV, fω⊥ = 0.139(27) GeV. Normalizing to the
h→ bb¯ branching ratio gives
BRh→φγ
BRh→bb¯
=
κγ
[(
3.0± 0.13)κγ − 0.78κ¯s
] · 10−6
0.57κ¯2b
,
BRh→ργ
BRh→bb¯
=
κγ
[
(1.9± 0.15)κγ − 0.24κ¯u − 0.12κ¯d
] · 10−5
0.57κ¯2b
,
BRh→ωγ
BRh→bb¯
=
κγ
[
(1.6± 0.17)κγ − 0.59κ¯u − 0.29κ¯d
] · 10−6
0.57κ¯2b
,
(10)
where we have neglected the smaller κ¯2s,d,u terms. The
SM BRh→bb¯ = 0.57 is kept explicit in the denominators.
The numerators thus give the h → (φ, ρ, ω)γ branching
ratios if the Higgs has the SM total decay width.
The coefficients multiplying κ¯s,d,u have a relative error
of O(20%). This means that for κ¯i ∼ O(1), deviations
from the SM predictions for h→ (φ, ρ, ω)γ can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic φ, ρ and ω
decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
QCD effects, e.g. power corrections. For instance, the
h → gg → gq¯qγ transition results in a higher Fock state
contribution to h→ φγ which only enters at the level of
a few×10−4 of the SM BRh→φγ .
The expected deviation in the h→ φγ branching ratio
from its SM value is shown in Fig. 2, as a function of
κγ and κ¯s. We note that the direct amplitude by itself
contributes at the O(10−11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative
decays h → V γ, where V = B∗0s , B∗0d , K∗0, D∗0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings κ¯bs,sb, κ¯bd,db, κ¯sd,ds and κ¯cu,uc. These
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Figure 2: The expected deviation in the branching ratio h→
φγ relative to its SM value as a function of κγ and κ¯s.
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h→ K∗0γ rate is readily obtained from the results of the
previous section, yielding an O(10−8) branching ratio for
κ¯ds ∼ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential difference with respect to the light
mesons is that the B∗0(s) and D
∗0 LCDA are heavily
weighted toward the b and c quarks (we treat the c quark
as heavy, mc  ΛQCD). Focusing first on the h→ B¯∗0s γ
decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(ΛQCD/mb) suppressed and can be
neglected. We thus obtain the partial decay width
Γh→B¯∗0s γ =
1
8pi
1
mh
(
fBsmBs
2
mb
v
Qse0
λB(µ)
)2 |κ¯bs|2 + |κ¯sb|2
2
,
(11)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield λB(µ) = (460 ± 110) MeV
for µ = 1 GeV [27] (see also [28]). Note that λB can
be determined from B → `νγ. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
with the above estimate [29, 30]. We have assumed flavor
SU(3) symmetry so that λB is the same for B
0
s and B
0
d.
Numerically one has,
BRh→B¯∗0s γ
BRh→bb¯
=
BR
(1)
B¯∗0s γ
0.57κ¯2b
|κ¯bs|2 + |κ¯sb|2
2
, (12)
where BR
(1)
B¯∗0s γ
= (2.1 ± 1.0) · 10−7. The h → B¯∗0γ and
h → D∗0γ branching ratios are obtained by replacing
κ¯bs,sb with κ¯bd,db and κ¯cu,uc, respectively, with BR
(1)
B¯∗0γ =
(1.4±0.7)·10−7 and BR(1)D∗0γ = (8.6±8.3)·10−8. We have
taken λD = λB , but have inflated the errors on λD by
a factor of 2. For the decay constants we have used the
4FLAG averages fBs = 228(5) MeV, fB = 191(4) MeV,
and fD = 209(3) MeV [31].
The B∗0 and B∗0s decay rates are large enough to be
potentially observable at future high-luminosity hadron
colliders, see below. These decay modes are negligible in
the SM, where κ¯ij = 0. Thus, their observation would
provide definitive evidence for new physics in the Higgs
Yukawa sector.
Exclusive decays with W and Z. The charged
h → M−W+ decays differ qualitatively from the radia-
tive decays. Because the W attaches itself to a charged
current one can probe flavor violating couplings of the
higgs involving top quarks. The complication is that the
W can have both transverse and longitudinal polariza-
tions, yielding lengthier analytical expressions that will
be presented elsewhere [32]. Numerically, we find for the
most promising mode
BRh→B∗−W+
BRh→bb¯
' 1.2 · 10
−10[κ2V + 22κ¯2tu + 26κ¯2ut + · · · ]
0.57κ¯2b
,
(13)
where only the potentially largest contributions are
shown. The bounds on κ¯tu,ut and κ¯tc,ct from t→ hu, hc
decays are [33, 34] (|κ¯tc|2+|κ¯ct|2+|κ¯tu|2+|κ¯2ut|)1/2 < 7.1 ,
which implies that BRh→B∗−W+ ≤ 1.6 · 10−7 is allowed.
Decays of the form h→MZ are closer to the radiative
decays discussed above, since they only involve neutral
currents. An important difference is that the interfer-
ence terms between the direct and indirect amplitudes
are smaller. Thus, these decays are less useful for mea-
suring the Higgs couplings to light quarks.
Future experimental perspectives. We begin our
discussion of the experimental prospects for these de-
cays by estimating the number of events expected at fu-
ture collider facilities. We focus on the h → φγ mode
and use Pythia 8.1 [35] to estimate its main features in
proton-proton collisions at the LHC with the center of-
mass energy of 14 TeV. The main φ decay modes (KL,S ,
K±, pi± and pi0) were explored. In 70 to 75 % cases
the kaons/pions and the prompt photon have |η| < 2.4
and are thus within the minimal fiducial volume of the
ATLAS and CMS experiments. We therefore adopt the
geometrical acceptance factor of Ag = 0.75 below, but
do not include other efficiency or trigger factors.
We focus on the following three facilities which were
considered in the Snowmass Higgs working group [8]: a
HL-LHC, a high-energy LHC (HE-LHC), and a VLHC.
The Higgs production cross sections at these machines
are obtained from the LHC Higgs cross section working
group [36]. We have assumed two detectors for the HL-
LHC and a single detector for the other colliders.
We estimate the reach in κ¯s that can be obtained, given
the current theoretical uncertainties and the expected
statistical errors. For simplicity, we assume κγ = 1 as in
the SM. The significance of a deviation in the measured
value of BRh→φγ with respect to its SM prediction can
be quantified by S = |BRh→φγ − BRSMh→φγ |/(δBRh→φγ),
where (δBRh→φγ)
2
= BRh→φγ/(σhLAg) + (δBRthh→φγ)2
is the estimated uncertainty. The first term is the statis-
tical uncertainty (σh is the total Higgs production cross
section and L is the integrated luminosity), while the sec-
ond term is the theoretical one, δBRthh→φγ ≈ 1.3 · 10−7
for κγ = 1, see Eq. (10). Our criterion for a large-enough
deviation from the SM prediction is S ≥ 3. Our results
are summarized in Table I.
We note that only a few events are expected in
electron-positron colliders (ILC, ILC with luminosity up-
grade, CLIC), probably too small to allow for observa-
tion. Although ≈ 30 events are expected at the TLEP
collider, this is still too small to probe a significant de-
viation from the SM prediction. Thus, the possibility
of observing this mode appears to be unique to future
hadron machines.
The h→ φγ mode offers several promising experimen-
tal handles. The decay products, kaons or pions, fly in
a narrow cone, ∆R < 0.1, with tens of GeV of energy.
They reach the detector before they decay (except the
KS and pi
0, which have much shorter lifetimes). The
most apparent features for identification of the charged
decay modes are the near collinearity of the photon and
the φ-jet in the transverse plane, the jet sub-structure
information (two close high-pT tracks in a narrow cone)
and the di-track invariant mass distribution assuming
kaons/pions. A detailed experimental simulation will be
required to determine if this signature is feasible.
The h → ργ and h → ωγ modes have rates compara-
ble to or larger than the φ channel, see Eq. (10). The ρ
decays almost exclusively to pi+pi−. This is a relatively
clean mode, similar to the φ → K+K− decay, and fea-
tures two tracks with high transverse momenta and a
proper invariant mass. The ω decays to pi+pi−pi0. This
will be harder to trigger on than the ρ or φ modes, as the
transverse momenta of the charged pions are lower and
the hard-to-identify neutral pion smears the observable
quantities. A detailed experimental study is required to
assess the feasibility of this channel. The h→ B¯∗0γ mode
will be more difficult, as the B∗0 decays to B0γ, leading
to a b-jet + γ final state. More study of this mode is
needed.
Conclusions. In this Letter we have shown that rare
Higgs decays to vector mesons can explore the structure
of the Higgs Yukawa couplings to the first and second
generation quarks. Directly accessing the couplings of
the Higgs to the lightest quarks was previously thought
to be impossible. Rare decays of the form h→MV offer
sensitivity to both flavor-conserving and flavor-violating
couplings of the Higgs. They are theoretically calculable,
experimentally promising, and should become a priority
at the LHC Run II and at future hadron colliders. We
look forward to further investigation of the ideas we have
5√
s [TeV]
∫ L dt [fb−1] # of events (SM) κ¯s > (<) κ¯stat.s > (<)
14 3000 770 0.39 (−0.97) 0.27 (−0.81)
33 3000 1380 0.36 (−0.94) 0.22 (−0.75)
100 3000 5920 0.34 (−0.90) 0.13 (−0.63)
Table I: Three future hadron colliders with expected center of mass energies, integrated luminosities, number of h→ φγ events,
the minimal (maximal) values of κ¯s that can be probed with present (4th column) and negligible (last column) theory error,
see text.
discussed here.
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